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Prolonged mechanical stretch is associated with
upregulation of hypoxia-inducible factors and
reduced contraction in rat inferior vena cava
Chung S. Lim, MBBS, MRCS,a,b Xiaoying Qiao, MD, PhD,b Ossama M. Reslan, MD,b Yin Xia, MD,
PhD,b Joseph D. Raffetto, MD,b,c Ewa Paleolog, PhD,a Alun H. Davies, DM, FRCS,a and Raouf A.
Khalil, MD, PhD,b London, United Kingdom; and Boston and West Roxbury, Mass
Background:Decreased venous tone and vein wall dilation may contribute to varicose vein formation. We have shown that
prolonged vein wall stretch is associated with upregulation of matrix metalloproteases (MMPs) and decreased contrac-
tion. Because hypoxia-inducible factors (HIFs) expression also increases with mechanical stretch, this study tested
whether upregulation of HIFs is an intermediary mechanism linking prolonged vein wall stretch to the changes in MMP
expression and venous contraction.
Methods: Segments of rat inferior vena cava (IVC) were suspended in tissue bath under 0.5-g basal tension for 1 hour, and
a control contraction to phenylephrine (PHE, 10–5M) and KCl (96mM) was elicited. The veins were then exposed to
prolonged 18 hours of tension at 0.5 g, 2 g, 2 g plus HIF inhibitor U0126 (10–5M), 17-[2-(dimethylamino)ethyl]
amino-17-desmethoxygeldanamycin (17-DMAG, 10–5M), or echinomycin (10–6M), or 2 g plus dimethyloxallyl glycine
(DMOG; 10–4M), a prolyl-hydroxylase inhibitor that stabilizes HIF. The fold-change in PHE and KCl contraction was
compared with the control contraction at 0.5-g tension for 1 hour. Vein tissue homogenates were analyzed for HIF-1,
HIF-2, MMP-2, and MMP-9 messenger RNA (mRNA) and protein amount using real-time reverse transcription
polymerase chain reaction and Western blots.
Results: Compared with control IVC contraction at 0.5-g tension for 1 hour, the PHE and KCl contraction after
prolonged 0.5-g tension was 2.0 0.35 and 1.1 0.06, respectively. Vein contraction to PHE and KCl after prolonged
2-g tension was significantly reduced (0.87 0.13 and 0.72 0.05, respectively). PHE-induced contraction was restored
in IVC exposed to prolonged 2-g tension plus the HIF inhibitor U0126 (1.38  0.15) or echinomycin (1.99  0.40).
U0126 and echinomycin also restored KCl-induced contraction in IVC exposed to prolonged 2-g tension (1.14  0.05
and 1.11  0.15, respectively). Treatment with DMOG further reduced PHE- and KCl-induced contraction in veins
subjected to prolonged 2-g tension (0.47  0.06 and 0.57  0.01, respectively). HIF-1 and HIF-2 mRNA were
overexpressed in IVC exposed to prolonged 2-g tension, and the overexpression was reversed by U0126. The overexpression
of HIF-1 and HIF-2 in stretched IVC was associated with increased MMP-2 and MMP-9 mRNA. The protein amount of
HIF-1, HIF-2, MMP-2, and MMP-9 was also increased in IVC exposed to prolonged 2-g wall tension.
Conclusions:Prolonged increases in vein wall tension are associated with overexpression of HIF-1 and HIF-2, increased
MMP-2 and MMP-9 expression, and reduced venous contraction in rat IVC. Together with our report that MMP-2 and
MMP-9 inhibit IVC contraction, the data suggest that increased vein wall tension induces HIF overexpression and causes
an increase in MMP expression and reduction of venous contraction, leading to progressive venous dilation and varicose
vein formation. (J Vasc Surg 2011;53:764-73.)
Clinical Relevance: Varicose veins are a major disease characterized by venous dilation and tortuosity and involve
structural changes in the vein wall, including fragmentation of elastin and disorganized venous smooth muscle. Venous
hypertension is often associated with varicose veins and chronic venous insufficiency. Matrix metalloproteases (MMPs)
are overexpressed in the varicose vein wall and have been shown to promote venous dilation. Hypoxia-inducible factors
(HIFs) also increase with mechanical stretch. The present study examined whether upregulation of HIFs is an intermediary
mechanism linking the increases in vein wall tension to the increases in MMP expression and venous dilation. The results
suggest that protracted elevation in venous pressure and vein wall stretch induce HIF overexpression and cause an increase in
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Volume 53, Number 3 Lim et al 765the expression of MMPs, which in turn produce venous dilation and cause further increases in venous pressure, leading to a
recalcitrant cycle and resulting in progressive venous dilation and varicose vein formation. Specific HIF inhibitors and MMP
antagonists could be useful tools in disrupting the link between mechanical vein wall stretch and venous dilation.
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TVaricose veins are a common disorder characterized by
excessively dilated and tortuous veins.1,2 The cause of
varicose veins is unclear; however, valvular dysfunction,
venous hypertension, and vein dilation are common fea-
tures.3 Although valvular incompetence may precede vein
dilation, duplex ultrasound studies often demonstrate the
opposite.3 Thus, increased hydrostatic venous pressure and
vein dilation may play a role in the initiation and progres-
sion of varicose veins.1,3
Changes in the composition of extracellular matrix and
alterations of connective tissue and elastin may contribute
to the vein wall weakness and dilation.1,3 Matrix metallo-
proteases (MMPs) are zinc-dependent endopeptidases that
degrade the extracellular matrix.4 The expression and ac-
tivity of MMP-1, -2, -3, -9, -12, and -13, and the endoge-
nous tissue inhibitors of metalloproteases-1 and -3 are
upregulated in varicose veins.3,5 Our previous experiments
on rat inferior vena cava (IVC) have shown that increases in
vein wall stretch are associated with reduced contraction
and overexpression of MMP-2 and MMP-9.6 Also,
MMP-2 and MMP-9 induce relaxation of rat IVC, possibly
through vascular smooth muscle (VSM) hyperpolarization
and activation of Ca2-dependent K channel.6 These
studies suggested that MMPs may be involved in the early
stages of venous dilation secondary to venous hyperten-
sion.7 However, the upstream mechanisms linking the in-
creases in vein wall tension to MMP expression and venous
dilation are unclear.
Hypoxia-inducible factors (HIFs) are nuclear transcrip-
tional factors that regulate genes involved in oxygen ho-
meostasis.8 HIF is a heterodimeric protein consisting of a
labile -subunit and a constitutively expressed -subunit.8
Three HIF- isotypes (HIF-1, -2, -3) have been iden-
tified. Under normoxia, HIF-1 and HIF-2 are hydroxy-
lated by a prolyl hydroxylases (PHD) domain that uses
oxygen and -ketoglutarate as substrates and facilitates the
ubiquitination of HIFs and their marking for proteosomal
degradation. Also, factor-inhibiting HIF (FIH) binds to
HIF- and negatively regulates its transactivation function
by hydroxylating asparagine residue.
During hypoxia, the oxygen-dependent hydroxylation
activity of PHD and FIH is suppressed, hence increasing
HIF- stabilization and transactivation. HIF- translocates
into the nucleus to form a dimer with HIF-, which binds
to hypoxia-responsive element in the target genes, activat-
ing their transcription.9-11 HIF-regulated genes include
those involved in extracellular matrix metabolism (MMPs
and tissue inhibitor of metalloproteases), vascular tone, cell
survival and apoptosis, glucose transportation, angiogene-
sis, erythropoiesis, and oxygen delivery.8,11-13
In addition to the regulation of HIF by oxygen, HIF
expression may be induced by hormones, cytokines, metal- cic ions, and mechanical stretch.8,14 HIF-1 and HIF-2
essenger RNA (mRNA) and protein are increased in
keletal muscle fibers exposed to stretch.15,16 HIF-1 is
lso overexpressed in rat cardiac and aortic VSM cells
xposed to mechanical stretch.17,18 Although regulation of
xygen-dependent HIF occurs at the level of protein stabi-
ization, the induction of HIF by mechanical stretch occurs
t the level of gene transcription and translation and likely
nvolves phosphatidylinositol 3-kinase (PI3K) and mitogen-
ctivated protein kinase (MAPK).8,15
In search of the upstream mechanisms involved in the
egulation of MMP expression and the reduced contraction
n veins under prolonged stretch, this study aimed to test
he hypothesis that increases in vein wall tension are asso-
iated with overexpression of HIF-1 and HIF-2, leading
o increases in specific MMP expression and decreased
enous contraction. We used rat IVC to test (1) whether
rolonged increases in vein wall tension are associated with
ncreased expression of HIF-1 and HIF-2, (2) whether
he increased HIF expression in stretched veins is associated
ith increased MMP expression and decreased venous con-
raction, and (3) whether blockade of the expression or
ctions of HIFs prevents MMP overexpression and im-
roves contraction in stretched veins.
ETHODS
Solutions and drugs. Krebs solution contained (in
M) NaCl 120, KCl 5.9, NaHCO3 25, NaH2PO4 1.2,
extrose 11.5, CaCl2 2.5, and MgCl2 1.2, bubbled with
5% O2 and 5% CO2 at pH 7.4. Membrane depolarization
y high KCl induces VSM contraction by stimulating Ca2
ntry from the extracellular space.19 High KCl (96mM)
epolarizing solution was prepared as Krebs with equimo-
ar substitution of NaCl with KCl. The -adrenergic ago-
ist phenylephrine (PHE [10–5M]; Sigma, St Louis, Mo)
as also used to stimulate IVC contraction. Tissue culture
edium was used to incubate the veins overnight and was
omposed of Minimum Essential Medium supplemented
ith penicillin, streptomycin, and amphotericin B (Gibco/
nvitrogen, Grand Island, NY). Drugs used to inhibit the
xpression/activity of HIF were U0126 (10–5M; Cayman,
nn Arbor, Mich), 17-DMAG (10–5M; 17-[2-(dimethylamino)
thyl] amino-17-desmethoxygeldanamycin), and echino-
ycin (10–6M; Alexis, San Diego, Calif). Dimethyloxallyl
lycine (DMOG, 10–4M, Cayman) was used to inhibit
ydroxylation and protein degradation of HIF by PHD and
IH.
Animals and tissues. Male Sprague-Dawley rats (12
eeks, 250 to 300 grams, Charles River Laboratory, Wil-
ington, Mass) were euthanized by inhalation of CO2.
he abdominal cavity was opened, and the IVC was ex-
ised, placed in Krebs, cleaned of adventitial tissue under a
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March 2011766 Lim et aldissecting microscope, and portioned into four 3-mm-wide
rings. All procedures followed the guidelines of Harvard
Animal Care and Use Committee.
Isometric contraction. Each IVC segment was sus-
pended between two tungsten wire hooks in water-jacketed
tissue bath filled with 50 mL Krebs bubbled with 95% O2
and 5% CO2 at 37°C. One hook was fixed to a glass rod at
the bottom of the tissue bath, and the other hook was
connected to a Grass force transducer (FT03; Astro-Med,
West Warwick, RI), and the changes in isometric contrac-
tion were recorded on Grass polygraph (Model 7D; Astro-
Med). Oxygen tension in the tissue bath was kept constant
in all experiments so that any changes in HIF-1 and
HIF-2 expression would be related to the changes in vein
wall tension. Because HIF is known to be regulated by
oxygen tension, future experiments should test whether
alteration of oxygen tension in the tissue bath would fur-
ther affect the contraction of the veins exposed to pro-
longed stretch.
We have previously demonstrated that in rat IVC sub-
jected to step-wise increases in basal tension (0.0625,
0.125, 0.25, 0.5, 1, 2, and 3 g) for 30 minutes, membrane
depolarization by 96mM KCl caused tension-dependent
increases in contraction that reached a maximum at 0.5 g
basal tension.6 Increases in tension to 1 g or 2 g did not
show a further increase in KCl contraction. When basal
tension was increased to 3 g, KCl contraction was reduced.6
On the basis of these findings, we selected 0.5 g as the
control basal tension that produces maximum contraction.
We also selected 2 g as the maximum tension that produces
maximum contraction without causing excessive vein wall
stretch and tissue damage.
We have estimated the venous pressure corresponding
to the basal tension on IVC segments using the formula P
F/A, where P is pressure in gram force/cm2, F is force, A is
area, and assuming an average IVC diameter of 1.5 mm as
detected by histology. The pressure generated at 0.5-g
tension is 28.4 gram force/cm2 or 20.8 mm Hg, and the
pressure generated at 2-g tension is 113.2 gram force/cm2
or 83.4 mm Hg. These pressures are in accordance with the
venous pressures observed in the lower extremity of hu-
mans, which could vary between 10 and 100 mm Hg,
depending on posture and muscle contraction. Although
the estimated pressure generated by 0.5-g and 2-g tension
appeared similar to lower extremity venous pressure in
humans, it is important to note that the present study was
conducted on rat IVC, and therefore, any extrapolation of
the findings in the rat veins to human varicose veins should
be interpreted with extreme caution.
Vein segments were initially stretched under 0.5-g
tension for 1 hour. To determine the control contraction
properties, IVC segments were stimulated twice with
96mM KCl and then with PHE (10–5M). Each control
IVC contraction was followed by 3 10-minute washes in
Krebs. The bathing solution was then changed to tissue
culture medium. The IVC was then subjected to either
0.5-g tension for 18 hours, high 2-g tension for 18 hours,
or 2-g tension for 18 hours plus the HIF modulator U0126 r10–5M), 17-DMAG (10–5M), echinomycin (10–6M), or
MOG (10–4M). IVC segments were washed in Krebs for
 10-minute washes, and a second contraction to 96mM
Cl and PHE (10–5M) was elicited. The fold-change of
ontraction was calculated by dividing the PHE- and KCl-
nduced contraction after prolonged tension for 18 hours
y the corresponding control contraction at 0.5-g tension
or 1 hour.
We have previously demonstrated that prolonged in-
reases in rat IVC wall tension for 24 hours was associated
ith decreased contraction and increased expression of
MP-2 and MMP-9.6 In the present study, we used a
lightly shorter 18-hour period of stretch to avoid possible
egative feedback mechanisms that could downregulate
IF-.20 Previous studies on hypoxia regulation of HIF-
sed a duration of about 16 hours to avoid the negative
eedback mechanisms that may complicate the findings.21
xamples of negative feedback mechanisms that can be
ctivated by hypoxia include the generation of an antisense
NA to HIF-1 (aHIF),22 production of CBP/p300-
nteracting transactivator with ED-rich tail 2 (CITED2) that
an bind and block p300 recruitment required for HIF
ranscriptional activity,20,23 and induction of PHD
ranscription, which negatively regulates HIF expression.20
Real-time reverse transcription polymerase chain
eaction. RNA was isolated from IVC using an RNeasy
ibrous Tissue Mini Kit (QIAGEN, Valencia, Calif). Total
NA (1g) was used for reverse transcription to synthesize
ingle-strand complimentary DNA (cDNA) in 15- to
3-L reaction mixture following the instructions for the
irst-Strand cDNA Synthesis Kit (Amersham Biosciences,
ittsburgh, Pa). Then, 2 L of the cDNA dilution (1:5 for
IF-1, HIF-2, MMP-2, and MMP-9, and 1:25 for
-actin) of the reverse transcription product was applied to
0 L of the reverse transcription polymerase chain reac-
ion (RT-PCR) mixture. Quantification of gene expression
as performed using a real-time RT-PCR machine
Mx4000, Multiplex Quantitative PCR System, Strat-
gene, La Jolla, Calif), published oligonucleotide primers
or HIF-1,24 HIF-2,24 MMP-2,25 and MMP-925 (Inte-
rated DNA Technologies, Coralville, Iowa), and iQ-
YBR-Green Supermix (Bio-Rad, Hercules, Calif). -Actin
rimer was included in the RT-PCR as an internal standard
o normalize the results.
The following primers were used:
IF-1 forward 5=-AAGAAACCGCCTATGACGTG-3=
everse 5=-CCACCTCTTTTTGCAAGCAT-3=
IF-2 forward 5=-CCCCAGGGGATGCTATTATT-3=
everse 5=-GGCGAAGAGCTTCTCGATTA-3=
MP-2 forward 5=-CATCGCTGCACCATCGCCCAT-
CATC-3=
everse 5=-CCCAGGGTCCACAGCTCATCATCATCA-
AAG-3=
MP-9 forward 5=-GAAGACTTGCCGCGAGACCT-
GATCGATG-3=
everse 5=-GCACCAGCGATAACCATCCGAGCGAC-3=
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Volume 53, Number 3 Lim et al 767PCR was carried out with one cycle for 10 minutes at
95°C and then 40 to 45 cycles of 30 seconds of denatur-
ation at 95°C, 45 seconds of annealing at 56°C, and 30
seconds of extension at 72°C, followed by 1 minute of final
extension at 95°C. The number of PCR cycles varied
according to the expression level of the target gene. The
relative gene expression was calculated by comparison of
cycle thresholds with the housekeeping gene -actin.26
Western blots. IVC segments were homogenized in 2
mL of homogenization buffer at 4°C and centrifuged at
10,000g for 2 minutes. The supernatant was collected and
protein concentration was determined. Tissue homogenate
was subjected to electrophoresis on 8% sodium dodecyl
sulfate (SDS) polyacrylamide gel then transferred electro-
phoretically to nitrocellulose membranes (Bio-Rad). The
membranes were incubated in 5% dried nonfat milk in
phosphate buffer solution-Tween buffer for 1 hour, then in
the antibody solution containing HIF-1 (1:1000), HIF-2
(1:500; Novus, Littleton, Colo), MMP-2 (1:500), or MMP-9
(1:500) rabbit polyclonal immunoglobulin G (Santa Cruz
Biotechnology, Santa Cruz, Calif) at 4°C for 24 hours. The
internal control actin was detected using monoclonal anti-
smooth muscle -actin antibody (1:500,000, Sigma).
The membranes were washed in phosphate buffered
Fig 1. Effects of prolonged increases in basal tension a
phenylephrine (PHE)-induced contraction in rat inferior
basal tension for 1 hour and a control PHE (10–5M) con
or 2-g tension for 18 hours, and a second PHE (10–5M
2-g tension were also treated with the HIF inhibitor
desmethoxygeldanamycin (17-DMAG; 10–5M), or echin
glycine (DMOG; 10–4M). The second PHE contraction w
contraction at 0.5-g basal tension for 1 hour. Data column
*Significantly reduced (P .05) compared with veins un
enhanced (P  .05) compared with veins under 2-g tenssaline (PBS)-Tween and incubated in horseradish peroxi- tase-conjugated secondary antibody (1:1000) for 1.5
ours. The membrane blots were washed with PBS-Tween,
nd visualized with enhanced chemiluminescence Western
lotting Detection Reagent (GE Healthcare Bio-Sciences,
iscataway, NJ), and the reactive bands corresponding to
IF and MMP were analyzed by optical densitometry and
mageJ software (National Institutes of Health, Bethesda,
d). The densitometry values represented the pixel inten-
ity normalized to -actin to correct for loading.6
Statistical analysis. The data are presented as means
EM, with n  number of experiments. The data were first
nalyzed using analysis of variance. When a statistical differ-
nce was observed, the data were further analyzed using the t
est for unpaired data for comparison of two means using
raphPad Prism 5.00 software (GraphPad Software, San Di-
go, Calif). Differences were considered statistically significant
t P .05.
ESULTS
In IVC segments under 0.5 g of basal tension for 1
our, -adrenergic receptor stimulation with PHE (10–5M)
nd membrane depolarization by KCl (96mM) both
aused significant contraction (Figs 1 and 2). Compared
ith the initial IVC contraction at 0.5-g tension for 1 hour,
poxia-inducible factor (HIF) modulators are shown on
ava (IVC). IVC segments were subjected to initial 0.5-g
ion was elicited. The veins were then subjected to 0.5-g
traction was elicited. Some of the tissues subjected to
26 (10–5M), 17-[2-(dimethylamino)ethyl] amino-17-
in (10–6M), or with the HIF stabilizer dimethyloxallyl
easured as fold-change compared with the initial control
resent means SEM (error bars) of 7 to 10 experiments.
.5-g tension for 18 hours (dotted column). §Significantly
or 18 hours (black column).nd hy
vena c
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March 2011768 Lim et alprolonged tension at 0.5 g for 18 hours was 2.0 0.35 and
1.1  0.06, respectively (Figs 1 and 2). In IVC exposed to
prolonged 2-g tension for 18 hours, the PHE- and KCl-
induced contraction was significantly decreased (Figs 1
and 2).
The effects of the HIF inhibitors U0126 (10–5M),
17-DMAG (10–5M), and echinomycin (10–6M) on PHE-
and KCl-induced contraction in IVC segments exposed to
prolonged stretch were then examined. PHE- and KCl-
induced contraction of IVC exposed to prolonged 2-g
tension for 18 hours was restored by U0126 and echino-
mycin (Figs 1 and 2). On the other hand, treatment with
the HIF inhibitor 17-DMAG did not restore the reduced
PHE- or KCl-induced contraction in IVC exposed to pro-
longed 2-g tension for 18 hours (Figs 1 and 2).
The effect of HIF stabilization by DMOG on PHE-
and KCl-induced contraction was also examined. Treat-
ment of IVC exposed to prolonged 2-g tension for 18
hours with DMOG (10–4M) further decreased PHE- and
KCl-induced contraction (Figs 1 and 2).
RT-PCR analysis demonstrated expression of HIF-1
and HIF-2mRNA in control IVC under 0.5-g tension for
1 hour. Small but significant increases in HIF-1 and
Fig 2. Effects of prolonged increases in basal tension a
KCl-induced contraction in rat inferior vena cava (IVC).
1 hour, and a control contraction to membrane depol
subjected to 0.5-g or 2-g tension for 18 hours, and a sec
subjected to 2-g tension were also treated with the H
amino-17-desmethoxygeldanamycin (17-DMAG; 10–5M
dimethyloxallyl glycine (DMOG; 10–4M). The second K
the initial control contraction at 0.5-g basal tension for 1
7 to 10 experiments. *Significantly reduced (P  .05) co
column). §Significantly enhanced (P  .05) compared wHIF-2 mRNA were observed in IVC exposed to 0.5-g Iension for 18 hours. In contrast, significant and robust
ncreases in HIF-1 and HIF-2 mRNA were observed in
VC exposed to prolonged 2-g tension for 18 hours (Fig 3).
he increases in HIF-1 and HIF-2 mRNA in stretched
ein were reversed in IVC treated with the HIF inhibitor
0126 and to a lesser extent with 17-DMAG or echino-
ycin, but not with the HIF stabilizer DMOG (Fig 3).
RT-PCR also demonstrated prominent expression of
MP-2 and MMP-9 mRNA in control IVC under 0.5-g
ension for 1 hour. In IVC exposed to 0.5-g tension for 18
ours, small increases in MMP-2 and MMP-9 mRNA were
bserved. In contrast, significant and robust increases in
MP-2 and MMP-9 mRNA were observed in IVC ex-
osed to prolonged 2-g tension for 18 hours (Fig 4). The
ncreases in MMP-2 or MMP-9 mRNA expression in
tretched veins were reversed in IVC treated with the HIF
nhibitor U0126, 17-DMAG, or echinomycin, but not
ith the HIF stabilizer DMOG (Fig 4).
Western blot analysis in control IVC under 0.5-g ten-
ion for 1 hour revealed little immunoreaction at 100kDa
orresponding to HIF-1, but a robust band in IVC under
rolonged 2-g tension for 18 hours (Fig 5, A). A band at
16kDa corresponding to HIF-2 was detected in control
poxia-inducible factor (HIF) modulators are shown on
egments were subjected to initial 0.5-g basal tension for
ion by 96mM KCl was elicited. The veins were then
Cl (96mM) contraction was elicited. Some of the veins
hibitor U0126 (10–5M), 17-[2-(dimethylamino)ethyl]
r echinomycin (10–6M), or with the HIF stabilizer
ntraction was measured as fold-change compared with
r. Data columns represent means  SEM (error bars) of
red with veins under 0.5-g tension for 18 hours (dotted
ins under 2-g tension for 18 hours (black column).nd hy
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(Fig 5, B). Western blots also revealed an immunoreactive
band at 72kDa corresponding to pro-MMP-2 and a second
band at 63kDa corresponding to active MMP-2 in IVC
under 0.5-g tension for 1 hour that were significantly
increased in IVC under prolonged 2-g tension for 18 hours
(Fig 5, C). In control IVC under 0.5-g tension for 1 hour,
a little immunoreaction at 92kDa corresponding to
MMP-9 could be detected. In IVC exposed to prolonged
2-g tension for 18 hours, a robust MMP-9 immunoreactive
band was observed (Fig 5, D).
DISCUSSION
This study demonstrates that prolonged increases in
vein wall tension are associated with overexpression of
HIF-1 and HIF-2 in rat IVC. The upregulation of
HIF-1 and HIF-2 secondary to prolonged increases in
rat IVC wall tension is associated with increased MMP-2
and MMP-9 expression and reduced venous contraction.
Previous studies demonstrated an increase of MMP-2
expression in mechanically stretched skeletal muscle fi-
Fig 3. Effects of prolonged increases in basal tension and
expression of (A) HIF-1 and (B) HIF-2 messenger R
were subjected to 0.5-g basal tension for 1 hour, 0.5-g
prolonged 2-g tension plus the HIF inhibitor U0126 (10
geldanamycin (17-DMAG; 10–5M), or echinomycin (10
10–4M). The veins were rapidly frozen for mRNA analysis
performed to measure the expression of (A) HIF-1 and (
Data represent means SEM (error bars), n 4. *Signi
tension for 18 hours (dotted column). §Significantly redu
hours (black column).bers.16 Also, our previous experiments on rat IVC have bemonstrated that prolonged increases in vein wall tension
re associated with reduced contraction and increased pro-
ein amount of MMP-2 and MMP-9.6 We demonstrated in
revious immunohistochemistry studies that MMP-2 and
MP-9 were expressed in tunica intima, media, and adven-
itia of rat IVC. Significant increases in MMP-2 and
MP-9 immunostaining were observed in the tunica in-
ima of IVC subjected to 2-g basal tension for 24 hours
ompared with tissues under 0.5-g basal tension. Also, a
elative increase in the MMP immunostaining in the VSM
edia could be observed in tissues under 2-g tension for 24
ours.6 These data suggested that the endothelium and
SM cells may function as sources/targets of MMPs in rat
VC. Other studies have shown the expression of MMP-9
n VSM cells of rat aorta27 and human saphenous vein.28
We have also shown that MMP-2 and MMP-9 cause
elaxation of Ca2-dependent contraction in rat IVC.7
onsistent with our previous reports,6 the PHE-induced
-adrenergic receptor-mediated contraction and KCl-
nduced receptor-independent response were both reduced
n rat IVC exposed to prolonged stretch. Because mem-
xia-inducible factor (HIF) modulators are shown on the
mRNA) in rat inferior vena cava (IVC). IVC segments
ion for 18 hours, high 2-g tension for 18 hours, and
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March 2011770 Lim et altry,19 the reduced contraction in IVC under prolonged
stretch is likely due to a reduction in the Ca2-dependent
pathways or the downstream mechanism of VSM contrac-
tion. The present observations that prolonged increases in
basal tension were associated with decreased IVC contrac-
tion and increased expression of MMP-2 and MMP-9 are
consistent with previous reports and further support a
relationship between vein wall stretch, MMP expression,
and decreased venous contraction.
In search for the upstream mechanisms linking the
increases in vein tension to the changes in MMP expression
and reduction in venous contraction, the present study
demonstrates HIF-1 and HIF-2 as potential candidates
because:
1. The reduction in venous contraction associated with
prolonged vein stretch was reversed by the HIF inhibi-
tors U0126 and echinomycin.
2. The reduction in venous contraction associated with
prolonged vein stretch was enhanced in the presence of
the HIF stabilizer DMOG.
3. Prolonged vein wall stretch was associated with in-
Fig 4. Effects of prolonged increases in basal tensio
expression of (A) matrix metalloprotease (MMP)-2 and (B
subjected to 0.5-g basal tension for 1 hour, 0.5-g tension
2-g tension plus the HIF inhibitor U0126 (10–5M), 17-
(17-DMAG; 10–5M), or echinomycin (10–6M), or the
veins were rapidly frozen for messenger RNA (mRNA
analysis was performed to measure the expression of (A) M
gene -actin. Data represent means SEM (error bars), n
under 0.5-g tension for 18 hours (dotted column). §Sign
tension for 18 hours (black column).creased expression of HIF-1 and HIF-2. D. The increased expression of MMP-2 and MMP-9 asso-
ciated with prolonged vein stretch was reversed by the
HIF inhibitors.
The potential involvement of HIF in the decreased
enous contraction associated with prolonged vein stretch
as first examined using HIF inhibitors. To circumvent
otential lack of specificity, we used three HIF inhibitors
ith different mechanisms of action (Fig 6). U0126, an
APK (dual MEK1 and MEK2) inhibitor, has been shown
o inhibit the increases in HIF- mRNA and protein in
esponse to mechanical stretch of rat skeletal muscle micro-
ascular endothelial and aortic VSM cells.15,18 Echinomy-
in inhibits HIF-1 DNA-binding activity, specifically the
inding of HIF to the hypoxia-responsive element se-
uence on the promoter of target genes.29 In this study,
0126 and echinomycin restored contraction of rat IVC,
uggesting a role of HIF in the reduced contraction asso-
iated with prolonged vein wall stretch.
To further examine the role of HIF in the decreased
enous contraction associated with prolonged vein wall
tretch, we investigated the effect of stabilizing HIF with
hypoxia-inducible factor (HIF) modulators on the
P-9 in rat inferior vena cava (IVC). IVC segments were
8 hours, high 2-g tension for 18 hours, and prolonged
imethylamino)ethyl] amino-17-desmethoxygeldanamycin
tabilizer dimethyloxallyl glycine (DMOG; 10–4M). The
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Volume 53, Number 3 Lim et al 771the oxygen-dependent degradation of HIF- protein and
thereby increase the amount and activity of HIF- protein,
even in normoxia.30 The IVC segments treated with
DMOG demonstrated a further reduction in contraction,
consistent with a role of HIF in the reduced contraction
associated with prolonged vein stretch.
To directly examine the role of HIF in the reduced
contraction associated with prolonged increases in vein wall
tension, we examined the effects of prolonged vein stretch
on HIF expression. Studies have shown that HIF-1 and
HIF-2 are expressed in vascular endothelial cells31,32 and
VSM cells.33,34 Also, increased expression of HIF in re-
sponse to mechanical stretch has been demonstrated in the
myocardium,17 fibroblasts,35 VSM cells,18 and skeletal
muscle fibers.15,16 In support of transcriptional regulation
of HIF-1 by mechanical stress, Chang et al18 reported
upregulation of HIF-1 mRNA in VSM cells subjected to
cyclic stretch for 4 hours. Also, HIF-1 and HIF-2
mRNA and proteins are increased in rat capillary endothe-
lial cells of skeletal muscle fibers exposed to prolonged
Fig 5. Effects of prolonged increases in basal tension are shown
on the protein amount of hypoxia-inducible factor (HIF)-1,
HIF-2, matrix metalloprotease (MMP)-2, and MMP-9 in rat
inferior vena cava (IVC). IVC segments were subjected to 0.5-g
basal tension for 1 hour or high 2-g tension for 18 hours. Western
blot analysis was performed to measure the protein amount of (A)
HIF-1, (B) HIF-2, (C) MMP-2, and (D) MMP-9 relative to
the housekeeping protein -actin. Data represent means  SEM
(error bars), n 4 to 8 experiments. *Significantly increased (P
.05) compared with control veins under 0.5-g basal tension for 1
hour.mechanical stretch.15 AOther studies support that the protein amount and
ctivity of HIF are regulated by mechanical stretch.15,18,36
im et al17 demonstrated upregulation of HIF-1 protein
n response to increased mechanical stress of the left ven-
ricular wall by aortocaval shunt formation or intraventric-
lar balloon expansion. Similar increases in HIF-1 protein
ave been reported in fibroblasts that were cyclically
tretched for 24 hours.35
Although HIF-1 and HIF-2 have been identified in
ascular tissues,13,36-38 their role in venous tissue has not
een thoroughly examined. The present RT-PCR experi-
ents demonstrate that HIF-1 and HIF-2 mRNA are
xpressed in rat IVC. More important, HIF-1 and
IF-2 mRNA are overexpressed in rat IVC subjected to
rolonged increases in wall tension, supporting an associa-
ion between prolonged mechanical vein stretch and HIF-
egulated pathways. Also, Western blots revealed no
IF-1 and little HIF-2 protein in IVC under control
asal tension, but significant increases in IVC subjected to
rolonged stretch. Thus, RT-PCR and Western blot data
oth support the contention that prolonged vein stretch is
ssociated with increased expression of HIF-1 and HIF-2.
It is unlikely that the upregulation of HIF-1 and
IF-2mRNA and protein in IVC subjected to prolonged
echanical stretch were due to external hypoxic stimuli.
he culture medium in which the IVC was incubated when
ubjected to prolonged tension was exposed to room air.
ig 6. This diagram depicts the potential relation between
echanical vein wall stretch, hypoxia-inducible factor (HIF)
nd matrix metalloprotease (MMP) expression, and vein relax-
tion. Also shown are different HIF modulators and their site
f action. 17-DMAG, 17-[2-(dimethylamino)ethyl] amino-17-
esmethoxygeldanamycin; DMOG, dimethyloxallyl glycine;
IF-OH, hydroxylated hypoxia-inducible factor; MAPK, mito-
en-activated protein kinase; mRNA, messenger RNA.lso, the contraction measurements in IVC exposed to
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in Krebs solution bubbled with oxygen. Furthermore, hyp-
oxia usually causes stabilization of HIF protein rather than
de novo mRNA expression.13,15
The observations that the HIF inhibitor U0126 and to
a lesser extent echinomycin inhibited the overexpression of
HIF-1 and HIF-2 mRNA and prevented the reduction
in IVC contraction associated with prolonged vein wall
stretch are consistent with a role of HIF-1 and HIF-2 in
the reduced venous contractile response during wall stretch
(Fig 6). Also, the observation that the HIF stabilizer DMOG
did not reduce HIF-1 and HIF-2mRNA expression while
further reducing contraction supports the contention that
HIF-1 and HIF-2 are involved in the reduced contraction
associated with prolonged vein stretch.
We examined whether the regulation of venous con-
traction by mechanical stretch and HIF also involves
MMPs. Studies have shown that the expression and activity
of MMP-2 and MMP-9 are regulated by HIF.39,40 Consis-
tent with our previous report,6 the prolonged increases in
IVC tension were associated with increased expression of
MMP-2 and MMP-9 mRNA and protein. An important
finding was that the increased MMP-2 and MMP-9 mRNA
associated with prolonged vein stretch was reversed by the
HIF inhibitors U0126, 17-DMAG, and echinomycin, sup-
porting our hypothesis that overexpression of MMP-2 and
MMP-9 in rat IVC subjected to prolonged mechanical
stretch is regulated by HIF. Also, the rat IVC treated with
DMOG during prolonged increases in vein wall tension still
demonstrated upregulation of MMP-2 and MMP-9
mRNA and further reduction in IVC contraction, consis-
tent with a potential relation between prolonged mechan-
ical vein stretch, increased HIF expression, upregulation of
MMPs, and reduced venous contraction.
The mechanism of HIF regulation by mechanical
stretch is unclear but may involve PI3K and MAPK.
14,15,18
Cell membrane ion channels, integrins, and receptor ty-
rosine kinases are mechanosensitive to stretch.41 Mechani-
cal stretch may stimulate PI3K by activating Ca
2 influx
through transient receptor potential ion channels such as
transient receptor potential cation channel subfamily V
member 4 (TRPV4).42 Also, integrins may transduce me-
chanical stretch to initiate signaling cascades and cause
MAPK activation.43 Receptor tyrosine kinases and G
protein-coupled receptors are also stimulated by biome-
chanical stress, with subsequent activation of MAPK.44
Furthermore, mechanical stretch may increase the genera-
tion of reactive oxygen species, which activate MAPK.45,46
U0126 may inhibit MAPK.15,18 The observation that the
increased HIF-1 and HIF-2 mRNA expression and the
reduced IVC contraction associated with prolonged stretch
were reversed by U0126 suggests a role of MAPK in the
regulation of HIF by mechanical stretch.
Although 17-DMAG inhibited the overexpression of
HIF-1, HIF-2, MMP-2, and MMP-9, it did not reverse
the reduced contraction in IVC subjected to prolonged
stretch. 17-DMAG is a geldanamycin-derived heat shock
protein 90 (Hsp90) inhibitor that promotes HIF- proteinestabilization and degradation. Hsp90 stabilizes HIF-
y acting as a molecular chaperone that associates with
IF- during nuclear translocation.8,14 However, Hsp90
ay affect other pathways and regulate vascular tone
hrough nitric oxide synthase and superoxide anion.47,48
he inhibition of Hsp90 by 17-DMAG could cause ve-
orelaxation effects unrelated to HIF inhibition.
ONCLUSIONS
Prolonged increases in vein wall tension are associated
ith overexpression of HIF-1 and HIF-2, increased
MP-2 and MMP-9 expression, and reduced venous con-
raction in rat IVC (Fig 6). The data are consistent with the
iew that increased vein wall tension secondary to venous
ypertension may induce HIF overexpression and cause an
ncrease in MMP expression and reduction of venous con-
raction, leading to progressive venous dilation and varicose
ein formation. We should note that HIF-1 may target
ther proteins such as vascular endothelial growth factor
nd could affect other processes such as cell apoptosis,
lucose metabolism, pH regulation, and cell cycle. The role
f these responses in the changes in vein function should be
xamined in future studies.
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